Abstract
Introduction
Atmospheric concentrations of carbon dioxide have been steadily rising with an average annual increase rate of about 2 ppm [1] and continued to rise to 500 -1000 ppm by the year 2100 [1] [2] from current atmospheric average of approximately 385 ppm [3] . The direct impact of rising atmospheric [CO 2 ] concentration on plants includes increase in photosynthetic rate [4] - [6] , growth [7] - [9] , reduction in nutrient concentration of plants [10] [11], reduction in leaf nitrogen concentration [12] - [14] , increased C:N ratio [15] [16] and increased flowering and fruiting [15] - [21] , and yield of agricultural crops [2] [22] [23] , and is also expected to increase water use efficiency of crops [2] [4] . Productivity of most agricultural crops increases under elevated [CO 2 ] is in the range of 15% to 41% for C3 crops and 5% to 10% for C4 crops [2] [22] [23] .
However, response to high [CO 2 ] differs from one species to another due to above and below ground environmental conditions. The interactive effects of increasing [CO 2 ] with growth influencing factors may alter the plant structure and productivity [4] [24] [25] and have a greater impact on agriculture, affecting both growth and development of crops and ultimately impacting yield and food production [7] [8] . The effect of [CO 2 ] enrichment on crops varies under different soil moisture regimes [26] . Most studies were carried out under favorable water conditions [27] [28] . However, data on the interactive effects of [CO 2 ] and soil moisture on plants are scarce and often contradictory [28] . Many controlled environment studied the effects and interactions of these climate change factors on plants [29] , which showed alterations in physiology, growth and development in many crops [30] [31] . Therefore, knowledge of vegetative responses should aid in ascertaining how environmental factors affect the phenology, growth and development of soybean plants along with genotypic response to cope with global climate change.
Soybean (Glycine max (L.) Merrill) is grown primarily for oil extraction and for use as a high protein meal for animal feed [32] . The world population is increasing, and to achieve food and nutritional security, crop productivity should be increased. The soybean plants show a series of changes in their morphology, physiology and biochemistry, negatively affecting their growth, which can reduce productivity by 50% [33] in various parts of the world where two thirds of world food production is through cultivation under water stress [34] . The relative plasticity of soybean growth and development to the projected abiotic factors will play a major role in determining future responses to a changing climate. Understanding soybean responses to these future climate changes and multiple climate stress factors is needed to develop suitable management and cultural practices to cope with these changes. Most of the abiotic stresses, whether alone or in combination with other factors at any stage of the plants life cycle, can result in loss of yield due to effects on plant physiological processes. This controlled environment rhizotron study documents the effect of elevated [CO 2 ] with soil moisture levels on phenology, vegetative growth and yield parameters of soybean plants.
Materials and Methods

Environment and Treatments
The experiment was conducted at USDA-ARS National Laboratory for Agriculture and Environment (NLAE) in Ames, Iowa, USA under controlled environmental conditions in rhizotron chambers. The dimension of each soil monolith is 1 by 1 by 1.5 m deep and the soil type is Monona silt loam soil (fine-silty, mixed mesic Typic Hapludoll) from southwestern Iowa [35] . Each rhizotron growth chamber consists of three soil monoliths. Chambers are similar to a standard plant growth chamber and have microprocessor control of temperature, humidity, and lighting such that specific diurnal, weekly, and seasonal environmental patterns can be programmed. Soil water content of the monoliths also can be monitored and controlled.
Treatment consists of two levels of [CO 2 ] concentration (380 and 800 µmol mol
) and three soil moisture levels (Low, Normal and High) were studied. Each rhizotron chambers was assigned with a particular level of [CO 2 ] concentration where one chamber with ambient [CO 2 ] level of 380 µmol mol −1 and another with elevated [CO 2 ] level of 800 µmol mol −1 . In each rhizotron chamber, three soil moisture regimes viz., low (5 mm), normal (7.5 mm) and high (10 mm) were imposed. Soybean genotypes namely S21-N6 was planted in each soil moisture level (soil monolith) at 60 cm between two rows by opening small furrow of 5 cm depth and placing soybean seeds at 10 cm apart on 25 October 2011. After sowing, each soil monolith was irrigated to 80% field water capacity (FWC) and uniform soil moisture was maintained in the entire soil profile by daily watering for initial 15 days after planting (DAP) since these rhizotron monoliths were dry before. Two rhizotron chambers were maintained at maximum temperature of 25˚C and minimum of 15˚C, and at 380 µmol mol 
Plant Measurements
Soybean response to elevated [CO 2 ] with soil moisture regimes was assessed at V-3/V-4 (29 DAP), V-6 stage (44 DAP) and at R3 (58 DAP) stage of the soybean crop growth. Above and below ground growth measurements were assessed by periodical destructive growth analysis of two plants from each row in the first two samples and five plants from each row at the final sampling. The above ground growth variables included number of leaves, leaf area, fresh and dry weight of leaves and shoot. The root fresh and dry weight was recorded for each plant. The fresh and dry weights of the samples were recorded following standard procedures. Leaf area was measured using the LI-3100 leaf area meter (LI-COR, Lincoln, NE). Number of pods and dry weight of pods were recorded from each plants at 58 DAP. All component dry weights were obtained following oven-drying to constant weight at 65˚C. Specific leaf weight (SLW) was calculated as leaf weight/leaf area [36] . Dried leaf samples were ground and sieved for analysis of nitrogen and carbon. Organic carbon content was estimated by wet digestion following the modified method of [37] and expressed as percent on dry weight basis. For total nitrogen analysis, the samples were digested by the Kjeldahl method and analyzed with an auto analyzer (Technicon, USA).
Statistical Analysis
Statistical analysis was conducted by using of variance (ANOVA) (Web Based Agricultural Statistics Software Package (WASP-2). Effects of [CO 2 ] levels, soil moisture levels and interactions were tested, using the least significant difference tests at P = 0.05 and 0.01. The data at each observational date were analyzed separately and results are presented in tabular and graphical representation with the standard error bars.
Results
Phenology of Crop
At early crop growth stage of soybean, growth and phenology of crop was affected by [CO 2 ] and soil moisture (Figure 1 2 ] showed V-3 (83%) and V-6 (50%) growth stage against V-4 (50%) and R-3 (58%) stages under ambient [CO 2 ] at 29 and 44 DAP, respectively. Effect of soil moisture was highly significant at 29 DAP where in growth rate was increases with increase in soil moisture contents (Figure 1) . At 29 DAP all the plants under low soil moisture showed slow growth (V-6) than plants under normal and high soil moisture levels and observed greater number of R-3 soybean plants with increased soil moisture levels. At later stage (44 DAP) phenology was not significant but 50% of soybean plants of V-6 and R-3 growth stage under low soil moisture against greater numbers of plants showed V-6 growth stage under normal and high soil moisture levels (Figure 1) . However, no significant interactions effect was observed on phenology of soybean. (Figure 2) . Increases in SLA was observed with increase in soil moisture status but was significant at only 29 DAP. However, interactive effect of elevated [CO 2 ] and soil moisture was significant at early stage.
Vegetative Growth Parameters
Leaf Growth Parameters
Dry matter Accumulation
Leaf, shoot and total dry matter production of plants was significantly greater under elevated [CO 2 ] at 58 DAP 
Leaf Carbon and Nitrogen Contents
Increase in percent carbon content and decrease in percent nitrogen content in the leaves under elevated [CO 2 ] grown plants (Figure 3) . The organic carbon content, which constitutes both structural and non-structural components, increased marginally (<1% 
Number of Root Nodules
Plants under elevated [CO 2 ] produced significantly greater number of root nodules per plant by 114% compared to plants under ambient [CO 2 ] at 44 DAP (Figure 5 ). On the other hand, plants with normal soil moisture condition produced greater number of root nodules per plant which was greater by 42% and 155.5% compared to low and high soil moisture conditions, respectively. Interaction effect of [CO 2 ] and soil moisture levels was not significant on number of nodules.
Discussion
Effect of Elevated CO 2 on Phenology
In the present experiment [CO 2 ] enrichment altered phenology of plants at early stage of soybean. This agrees many with the results of previous studies of [38] and [39] and contradicts the findings of [40] [29] and reported alterations both in physiology and growth and . Carbon dioxide (a) and soil moisture levels (b) on number of root nodules of soybean at 44DAP ( ** P < 0.014 and * P < 0.048 for CO 2 and soil moisture levels, respectively).
development in crops such as soybean [30] , cotton [31] and many other crops due to [CO 2 ] enrichment. From a practical viewpoint, the altered crop duration and phenology due to rising [CO 2 ] may exposes the crop plants to a higher risk from frost [49] , biotic and abiotic stress, and other environmental anomalies.
Effect of Elevated CO 2 on Vegetative Growth Parameters
Our results on shoot height of soybean contradicting to the previous results reported by [39] and [44] [39] and [51] . The existing literature on vegetative growth response to elevated [CO 2 ] is very limited and results differ considerably suggesting further studies to understand interactive effects of soil moisture, nutrients and genotype.
The results of the current experiment on number of leaf and leaf area at early stage of crop growth contradict to the previous studies. An increase in the number of leaves has been reported in Japanese honey-suckle [52] in sweet potato [45] and in berseem [53] 2 ] enrichment has been reported in soybean by [39] and [54] , in berseem by [53] . Our results showed positive correlation between leaf number and leaf area (0.858 * , 0.897 * and 0.401 * , at 29, 44 and 59 DAP, respectively).Decrease in number of leaf and leaf area under high [CO 2 ] at early stage might be attributed to inhibited and slow growth of plants but greater response of plants at later stage may be due to adoptive mechanism of plants.
Our experimental results indicates that exposure to elevated [CO 2 ] caused an initial increase in leaf thickness due to increased number of palisade cells is an extra layer of cells, which contributed to leaf thickness [55] but at later stages further expansion of the leaves resulted in thinner leaves. Reduction in leaf thickness has been reported in various crop species such as soybean [56] and beans [57] but increased specific leaf weight (SLW) of soybean reported by many earlier studies [57] - [59] . The reduction of leaf thickness was also due to less accumulation of starch and a faster rate of leaf expansion. Plants responsiveness to [CO 2 ] enrichment was differ considerably between different locations, with a large proportion of the observed variability remaining unexplained. This suggests that plant morphology may be somewhat altered under future high [CO 2 ] conditions [60] - [64] .
Effect of Elevated CO 2 and Soil Moisture on Dry Matter Production
Our results on dry matter accumulation in different parts of plant was marginally greater under elevated [CO 2 ] at 29 DAP but significantly greater under at 58 DAP (R-3). Our results on dry matter production in agreement with many previous studies on different crops showed increase in total dry matter production of soybean [38] [65]- [67] , dry bean [43] , peanut [68] 2 ] at later stage was attributed due to the partitioning of greater amounts of assimilated carbon towards the growing organs. Earlier studies also showed that the extra carbon fixed by the plants due to [CO 2 ] enrichment translocate to the growing axis [71] . An increase in biomass due to increase in the number of branches/leaves has also been reported in many crops under [CO 2 ] enrichment [45] [52] . The interactive effect of [CO 2 ] enrichment on crops varies under different soil moisture regimes [26] , but many studies were carried out under favorable soil moisture conditions [27] [28] . However, data on the interactive effects of [CO 2 ] and soil moisture on plants are limited and often contradictory [28] . Some authors claim that the percentage increase in plant growth due to elevated [CO 2 ] is generally not reduced by water stress [72] - [74] whereas the results of many other theoretical projections and field or greenhouse experiments suggest that the relative effects of [CO 2 ] enrichment on plants are constrained by less than optimal levels of soil moisture [14] [24] [75] - [81] .
Effect of Elevated CO 2 and Soil Moisture on Leaf Carbon and Nitrogen Content
The results of this study indicated that, plants enriched with [CO 2 ] increases the leaf carbon concentration and reduction in nitrogen concentration increased the C:N ratio of soybean leaves. Previous studies also reported reduction in leaf nitrogen concentration with elevated [CO 2 ] in different crop species [12] - [14] [82] . This reduction in nitrogen may be either due to the dilution effect as a result of greater carbohydrate accumulation [13] or due to the acceleration of plant growth, but not due to the increased nitrogen use efficiency [83] . Our study suggests that the reduction in leaf nitrogen might due to increase in leaf area as a result of extra carbon fixed by higher photosynthesis and lack of proportionate gain in nitrogen uptake by the plants. Uptake of nitrogen may also be reduced at high [CO 2 ] due to lower transpiration rates [11] [84] [85] . The decrease in tissue N concentration also due to reduction in the Rubisco content, decreased uptake of minerals from soil because of reduction in stomatal conductance, less water uptake by plants [86] , and decrease in the rate of assimilation of NO 3 − into organic compounds [87] . The reduction in leaf N concentration can be substantial varying from 10% to 31% [88] .
Increased biomass in elevated [CO 2 ] is not always supplemented by an increase in the concentration of essential nutrient elements. Reduction in nutrient concentration of plants due to increased [CO 2 ] concentration has been reported by earlier studies [10] - [12] . The reason attributed to the uptake of nutrient from the soil is not increased in relation to the increased net carbon assimilation may leading to changes in the nutritional quality of the crops. High C:N ratio due to elevated [CO 2 ] has been reported in various investigations [15] [16] . On the other hand no significant effect of soil moisture and the interactions was found on carbon, nitrogen and C:N ratio of soybean leaf. The interaction effect of elevated [CO 2 ] and soil moisture levels on the elemental compositions of crops, especially on essential elements, should receive more attention, because there has been a great dearth of literature on this aspect.
Effect of Elevated CO 2 and Soil Moisture on Pods
Plants under elevated [CO 2 ] produced significantly higher number of pods and contributed greatly for increase in dry weight of pods. Our results in agreement with the several earlier studies where they reported [CO 2 ] enriched plants likely to produce more and larger flowers, as well as induce other flower-related changes bearing significant implications on plant productivity [17] - [21] [89]- [92] . The extra carbon assimilates produced at high [CO 2 ] may ensure the full development of flowers and grains [93] . Further previous studies on [CO 2 ] enrichment reported that, increases in strawberry yield with an increase in fruit number [94] , yield response of barley [78] and orange [95] related to the number of grain and fruits harvested, increase in the number of flower buds in cotton [13] and increase in broad bean yield by increase in bean number [81] .
Effect of Elevated CO 2 and Soil Moisture on Root Nodules
The result showed that, plants under elevated [103] found that nodule numbers were 134% -229% greater in soybeans grown at elevated [CO 2 ] in combination with reduced precipitation, and this response was driven by greater nodule density per unit of root length. Soil moisture also plays vital role in development of nodules since N 2 -fixation is sensitive to soil moisture than the carbon assimilation but the magnitude of the reduction in N 2 fixation depends on the severity of the drought stress as well as the timing of the drought stress relative to plant growth and development [104] . In our study reduction in number of nodules was greater under low and high soil moisture condition. Antolín et al. (2010) [105] also found reduced nodule numbers under drought condition. This increased in number of nodules probably also due to allocation of additional photosynthates produced due to elevated [CO 2 ] to root and nodules development. Kimball (1985) [106] , suggested that leguminous crops will probably not be nitrogen limited in future climates with elevated [CO 2 ] any more than they are at present [CO 2 ].
Interactive Effect of Elevated CO 2 and Soil Moisture
The results from the present study provide evidence for individual and interactive effects of two very important environmental factors viz., [CO 2 ] and soil water that are projected to change in the future climate on soybean growth and development in the world. Plant response to [CO 2 ] was shown differ considerably between different locations, crops/genotypes etc., and interaction effect with soil water or temperature a large proportion of the observed variability remaining unexplained. Overall, our study reveals that the interaction effect of elevated [CO 2 ] and normal soil moisture was significant for the growth and yield related parameters only at later stage of crop (58 DAP). The effect of [CO 2 ] enrichment on crops varies under different soil moisture regimes as reported by [26] . At plant canopy level, high [CO 2 ] can alleviate the negative effect of water deficit on plants due to decreased transpiration and conductance but at plant-soil level, the positive effect of high [CO 2 ] on plant growth was constrained by less favorable moisture conditions in soil. This is supported with many previous studies [28] [81] [107] - [109] . However, data on the interactive effects of [CO 2 ] and soil moisture on plants are scarce and often contradictory [28] . Some studies reported that the percentage increase in plant growth due to elevated CO 2 is generally not reduced by water stress [73] [74] whereas the results of many other theoretical projections and field or greenhouse experiments suggest that the relative effects of [CO 2 ] enrichment on plants are constrained by less than optimal levels of soil moisture [14] [78]- [81] .
Conclusion
High [CO 2 ] affected the phenology of soybean at early vegetative growth but showed adoptive mechanism in the later stage, and this result suggested further in-depth studies to confirm the feedback of elevated [ 
